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oxidized FFAs that induce endothelial cell inflammation
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Abstract Triglyceride-rich lipoprotein (TGRL) lipolysis
products provide a pro-inflammatory stimulus that can alter
endothelial barrier function. To probe the mechanism of this
lipolysis-induced event, we evaluated the pro-inflammatory
potential of lipid classes derived from human postprandial
TGRL by lipoprotein lipase (LpL). Incubation of TGRL with
LpL for 30 min increased the saturated and unsaturated
FFA content of the incubation solutions significantly. Fur-
thermore, concentrations of the hydroxylated linoleates 9-
hydroxy ocatadecadienoic acid (9-HODE) and 13-HODE were
elevated by LpL lipolysis, more than other measured oxylipids.
The FFA fractions elicited pro-inflammatory responses in-
ducing TNFa and intracellular adhesion molecule expression
and reactive oxygen species (ROS) production in human aor-
tic endothelial cells (HAECs). The FFA-mediated increase
in ROS was blocked by both the cytochrome P450 2C9 in-
hibitor sulfaphenazole and NADPH oxidase inhibitors. Com-
pared with linoleate, 13-HODE was found to be a more
potent inducer of ROS production in HAECs, an activity that
was insensitive to both NADPH oxidase and cytochrome
P450 inhibitors.lif Therefore, although the oxidative metab-
olism of FFA in endothelial cells can produce inflammatory
responses, TGRL lipolysis can also release preformed medi-
ators of oxidative stress (e.g., HODEs) that may influence
endothelial cell function in vivo by stimulating intracellular
ROS production.—Wang, L., R. Gill, T. L. Pedersen, L. J.
Higgins, J. W. Newman, and J. C. Rutledge. Triglyceride-rich
lipoprotein lipolysis releases neutral and oxidized FFAs that
induce endothelial cell inflammation. J. Lipid Res. 2009. 50:
204-213.
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Triglyceride-rich lipoproteins (TGRLs) may have im-
portant pro-atherogenic and pro-inflammatory proper-
ties. Circulating TGRLs, including chylomicrons (CMs),
VLDLs, and their remnant particles, constitute a het-
erogeneous family of triglyceride-rich apolipoprotein B
(apoB)-containing lipoproteins. Elevation of TGRL in the
postprandial state is associated with increased endothelial
cell inflammation and complications of atherosclerosis
(1) and is an independent predictor of coronary heart dis-
ease (2—-4).

Increases in plasma triglyceride concentrations are asso-
ciated with impaired endothelial cell function in vitro (5)
and in vivo (5, 6). For instance, increased lipolysis of TGRL
in proximity to the endothelium increases endothelial
layer permeability (7) and causes a pro-inflammatory state
in endothelial cells, manifested by increased TNFa secre-
tion, adhesion molecule expression, and oxidative stress
induction (8). In vivo, TGRLs are hydrolyzed by lipopro-
tein lipase (LpL), an enzyme anchored to endothelial
cells, releasing FFAs into the blood in immediate proximity
to endothelial cells. Thus, endothelial cells are routinely
exposed to high concentrations of FFAs, compounds that
may play an important role in endothelial function and
dysfunction (9-11). For instance, linoleic acid (LA) in-
creases the permeability of human aortic endothelial cells
(HAEGs) in culture (12-14), whereas decreased endo-
thelial nitric oxide synthase activity is produced by pal-
mitate and oleate, but not linoleate (15). These results
suggest that elevations in FAs may contribute to endothe-
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lial dysfunction in hypertriglyceridemia and emphasize
that various FAs may affect the endothelium differently.
However, these studies have primarily examined the abil-
ity of single purified FFAs to induce endothelial cell
injury, which may not adequately represent the complex-
ity of the in vivo state. Notably, the constituents of the
Lpl-liberated chemical pool are not routinely character-
ized and are likely to be influenced by health and nutri-
tional status.

Previous studies from our group have shown that TGRL
lipolysis products cause endothelial dysfunction with in-
creased endothelial layer permeability (7, 8, 16, 17). The
mechanisms underlying TGRL-dependent pro-inflammatory
changes in the endothelium are still unclear. Our recent
findings suggest that changes in lipid raft morphology and
composition may modulate endothelial reactive oxygen spe-
cies (ROS) production and contribute to TGRL lipolysis-
mediated endothelial cell injury (18). We also showed that
FFA concentrations in TGRL medium increased 10-fold
after 30 min incubation with LpL, whereas triglyceride,
cholesteryl ester, and phospholipid concentrations re-
mained unchanged (18). Although endothelial dysfunc-
tion in hypertriglyceridemia is partially caused by lipolysis
products, and FFAs are the suspected culprits, changes in
cholesteryl esters as well as mono- and diacylglycerides
are also possible sources of these effects. By evaluating the
ability of chemical classes of TGRL lipolysis products
to alter endothelial function, we can focus on the TGRL
lipolysis lipid components capable of eliciting an inflam-
matory response. Here we report the specific chemical
class responsible for the elevated postlipolysis inflam-
matory state and, using pharmacological tools, have shown
distinct modes of inflammatory signaling between LA
and its oxidation product, 13-hydroxy ocatadecadienoic
acid (13-HODE).

MATERIALS AND METHODS

Lipoprotein isolation and characterization

Postprandial blood samples were obtained from healthy vol-
unteers 3.5 h after consumption of a standard moderately high-
fat meal (40% calories from fat). This time point coincided with
the peak elevation in plasma triglyceride concentrations. All
procedures were conducted under a protocol approved by the
Human Subject Review Committee at the University of California
Davis. Written informed consent was obtained from all study
subjects before participating. The blood was drawn in EDTA-Na
tubes, and the plasma from four volunteers was separated
and pooled. TGRLs were isolated from human plasma at d <
1.0063 g/ml by aspiration with a narrow-bore pipette following
18 h centrifugation at 40,000 rpm in a SW41 Ti swinging bucket
rotor (Beckman Coulter, Sunnyvale, CA) held at 14°C within a
Beckman L-90K ultracentrifuge. The top fraction TGRLs (i.e.,
CM, VLDL, and their remnant particles) was collected and
exhaustively dialyzed in Spectra/Por® membrane tubing (molec-
ular weight cutoff 3,500; Spectrum Medical Industries, Los
Angeles, CA) at 4°C overnight against a saline solution contain-
ing 0.01% EDTA. When necessary, TGRLs were subfractioned
into CMs and VLDLs by spinning at 25,000 rpm in a SW41 Ti
swinging bucket rotor (Beckman) held at 14°C within a Beckman

L-90K L8-70M ultracentrifuge (19). The purity of TGRL was con-
firmed by analytical SDS-PAGE with Coomassie staining and lipid
analyses. SDS electrophoresis showed the exclusive presence of
apoB-48 in CM and apoB-100 in VLDL. Plasma triglyceride (TG)
and cholesterol levels were determined enzymatically (Sigma-
Aldrich, St. Louis, MO).

LpL incubations

To evaluate the impact of TGRL lipolysis on cultured HAECs,
isolated postprandial TGRL, CM, or VLDL [2.5 mg TG for all
treatments] was subjected to enzymatic lipolysis with 2 U/ml
bovine LpL (Sigma-Aldrich). Diluted lipoprotein fractions were
preincubated with LpL for 30 min at 37°C, and reactions were
stopped by placing the tubes on wet ice. Fractions were either
used immediately for incubations with cells in culture or were
stored frozen at —80°C until analysis for lipids.

To validate the efficiency of LpL incubations to release esteri-
fied fatty acids (EFAs) as NEFAs, VLDLs isolated from pooled
volunteer plasma (n = 4) were used. Sub-aliquots containing
20 wg triglycerides were prepared and spiked with 0.17 mg/ml
butylated hydroxytoluene (BHT). The NEFA concentrations
were quantified using direct extractive methylation with ethereal
diazomethane (20) and pentadecenoic acid (Nucheck Prep,
Elysian, MN) as an analytical surrogate. The total EFA + NEFA
content of an equivalent VLDL aliquot was determined using tri-
heptadecanoin (Nucheck Prep) as an analytical surrogate after
sequential transesterification in methanolic potassium hydrox-
ide and methylation in methanolic HCI (21). Fatty acid methyl
esters (FAMEs) were analyzed on an Agilent 6890 gas chromato-
graph equipped with a2 30 m X 0.25 mm X 0.2 wm film DB225ms
column (Agilent, Santa Clara, CA) interfaced with an Agilent
5973N mass spectral detector. Samples were ionized by electron
impact, and data were acquired with simultaneous selected ion
monitoring/full scan modes. Data analysis and quantification
of SIM data were performed using Agilent Chemstation Software.
Seven-point calibration curves prepared from authentic FAME
standards (Nucheck Prep) bracketed all residues. Full scan mass
spectra were used to confirm FA identity.

Total lipid extraction

To prepare lipid isolates for cell incubations, lipids were ex-
tracted from TGRL, with and without LpL pretreatment, by
using 60 mg Oasis HLB solid-phase extraction cartridges (Waters,
Milford, MA). The columns were precleaned with methanol
and conditioned by 0.1% acetic acid in 5% methanol. Sample
aliquots were mixed with 0.17 mg/ml BHT in the column res-
ervoir and loaded onto the column packing by gravity. Loaded
columns were washed with conditioning solution, dried, and
eluted with 0.5 ml methanol and 1.5 ml ethyl acetate. The or-
ganic extracts were dried using Genevac EZ-2 evaporation system
(Genevac Inc., UK), and residues were reconstituted in 100 pl
chloroform. Analysis of the aqueous wash indicated that analyte
breakthrough did not occur. For the oxylipid analyses described
below, equivalent protocols were followed, except that aliquots
were spiked with analytical surrogates prior to extraction and
the final extract was reconstituted in 50 pl methanol containing
internal standards for surrogate recovery determinations as pre-
viously reported for plasma analyses (22).

Lipid class separation

To investigate the differential effects of lipid classes on cell
responses in culture, total lipid extracts were fractionated into
neutral lipids, FFAs, and phospholipids using aminopropyl solid
phase extraction (SPE) columns using slight modifications of
published procedures (23, 24). Briefly, the total lipid extract,
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dissolved in 100 w1 chloroform, was loaded onto a 500 mg amino-
propyl column (Supelco, Bellefonte, PA), previously washed and
activated with 4 ml hexane. Neutral lipids were eluted with 4 ml
chloroform, followed by FFAs eluted with 4 ml diethyl ether-acetic
acid (98:2; v/v), and phospholipids eluted with 4 ml methanol.
To verify the performance of these separations, total and frac-
tional FFA, phospholipid, triglyceride, and total cholesterol levels
were determined using clinical lipid kits from Wako Chemicals
USA, Inc. (Richmond, VA). The recoveries and relative purities
of selected lipid fractions are shown in Table 1. Recoveries of
lipid classes in specific fractions were >85% and equivalent with
and without the addition of LpL. The neutral lipid fraction was
subdivided further into triglycerides, diglycerides, monoglycer-
ides, cholesteryl esters, and free cholesterol. Briefly, the isolated
neutral lipid fraction was dried, resuspended in 100 pl hexane,
and applied to a freshly prepared aminopropyl column. Choles-
teryl esters were eluted in 4 ml hexane, followed by triglycerides
eluted in 6 ml hexane containing 1% diethyl ether and 10%
methylene chloride. The free cholesterol fraction was then eluted
with 12 ml of 5% ethyl acetate in hexane. Diglycerides and mono-
glycerides were finally eluted with 4 ml of 15% ethyl acetate in
hexane and chloroform-methanol (2:1; v/v), respectively.

HPLC/MS/MS lipid determinations

The background oxidation state of the TGRL was character-
ized by quantification of epoxides, diols, and alcohols derived
from LA and arachidonic acid (AA) using previously described
HPLC/MS/MS-based procedures (22) adapted for use on a
Quattro Micro tandem mass spectrometer and Acquity UPLC
equipped with a 2.1 X 150 mm BEH-C18 reverse-phase column
(Waters). Specifically, a 10 pl aliquot of the methanolic total lipid
extract was separated by reverse-phase HPLC and analyzed by
negative-mode electrospray ionization and tandem mass spec-
troscopy. The LA oxidation products epoxy octadecenoic acid,
dihydroxy octadecanoic acid, HODE, and oxo octadecanoic
acid, as well as the AA oxidation products epoxy eicosatrienoic
acids, dihydroxy eicosatrienoic acid, hydroxy eicosatetraenoic
acid (HETE), and oxo eicosatetraenoic acid were determined.
Signals were also acquired for LA [m/z 279.2 > 261.2, cone volt-
age (CV) = 30, collision energy (CE) = 19, retention time (tg) =
18.66 min]; a-linoleic acid (m/z 277.2 > 259.2, CV = 30, CE = 19,
tg = 17.61 min); AA (m/2303.2 > 259.2, CV = 28, CE = 14; tg =
18.44 min); eicosapentaenoic acid (EPA: m/z301.2 > 257.2, CV =
28, CE = 14, tg = 17.43 min); and docosahexaenoic acid (DHA:
m/z 303.2 > 259.2, CV = 28, CE = 14, tg = 18.13 min). Oxy-
lipids were quantified using deuterated surrogates and internal
standard methodologies against a minimum five-point calibra-
tion curve bracketing all reported concentrations. The free LA
and AA were quantified with six-point calibration curves using
the d15-HETE recoveries to correct for extraction losses. The
n-3 FAs were pseudo-quantified using the response factors pro-
duced by the calibration curves of n-6 FAs with equivalent carbon

TABLE 1. Recovery of lipid fractions isolated from TGRL and
TGRL + LpL (n = 5)

Lipid Fraction TGRL Recovery TGRL + LpL Recovery

%
FFAs 94 + 3.2 96 = 3.0
Phospholipids 93 = 2.0 94 = 24
Triglycerides 87 = 5.6 90 = 3.6
Cholesteryl ester 89 = 6.8 86 = 3.3

TGRL, triglyceride-rich lipoprotein; LpL, lipoprotein lipase. Values
are presented as percentage of recovery.
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numbers and should only be viewed as indications of LpL-
dependent increases.

Cell culture

HAECs were purchased from Cascade Bioscience, Inc. (Win-
chester, MA) and cultured in Medium 200 (Cascade Bioscience)
supplemented with low-serum (2% FBS) growth supplement
and penicillin, streptomycin, and amphotericin B at 37°C in a
humidified atmosphere of 5% COy. HAECs between passages
4 and 6 were grown in T-75 flasks until confluent.

HAEC treatment

To assess the potential impact of LpL-released components of
TGRL on endothelium, HAEC cultures were treated with media
only (untreated control), TGRL, or TGRL plus LpL in saline.
Neither LpL itself nor heat-inactivated LpL caused an inflamma-
tory response in HAEC cultures (data not shown). In a prelimi-
nary study of lipoprotein exposure, we treated endothelial cells
with CM, VLDL, or TGRL and found that CMs produced highly
variable endothelial cell responses. Conversely, VLDL incuba-
tions produced a more predictable induction of endothelial cell
injury; thus, VLDL was selected as the primary TG source for the
remaining experiments.

TNFa and intracellular adhesion molecule determination

HAECs were treated with lipid fractions extracted from
50 mg/dl VLDL, with or without LpL, for 2 h and their culture
media was harvested. TNFa and intracellular adhesion mole-
cule (ICAM) production was detected using ELISA kits from
BD Bioscience.

ROS determination

ROS generation was probed by quantifying the oxidative
transformation of 2,7-dichlorofluorescein diacetate (DCFDA;
Invitrogen, Carlsbad CA) to the highly fluorescent product di-
chlorofluorescein (25). Confluent HAECs (104 cells/well) in
96-well plates were preincubated for 30 min with 10 uM DCFDA.
Excess DCFDA-containing media was removed. Cells were washed
twice with PBS and then incubated for 2 h with lipid fractions
(15 pl), separated from VLDL (50 mg/dl TG), without (14 wmol/1
FFA) or with LpL (196.5 pmol/1 FFA), and incubated for
30 min at 37°C. After removal of medium from wells, cells were
washed three times with PBS, and emission fluorescence density
at 538 nm was measured after a 485 nm excitation using a fluo-
rescence FLA 5100 micro plate reader (FUJIFLIM, Stamford, CT).
To investigate the role of various oxidant-generating enzymes
on VLDL + LpL-induced ROS generation, assays were repeated
in the presence of either the xanthine oxidase inhibitor allopu-
rinol (100 wM; Sigma), the NADPH oxidase inhibitors apocynin
(100 uM; Sigma) and diphenylene iodonium (DPI) (50 wM;
Sigma), or the cytochrome P450-2C9 inhibitor sulfaphenazole
(10 wM; Sigma). To evaluate the relative impact of oxidized and
neutral FAs on lipolysis-induced oxidative stress, assays were also
repeated with 70 uM stearic acid (20 pg/ml), 71 pM LA, or
67 pM 13-HODE (Cayman Chemical, Ann Arbor, MI) with or with-
out inhibitors. 43-Phorbol 12-myristate 13-acetate (10 wM; Sigma)
was used as a positive control because of its ability to stimulate
oxidative activity.

Statistical analysis

All experiments were performed in triplicate in at least three
independent trials. Values were expressed as means = SEM unless
otherwise noted. Comparisons among treatments were evaluated
with -tests. P < 0.05 was considered statistically significant.



RESULTS

LpL-induced FFA release from VLDL

The VLDL EFA and NEFA content, as well as the NEFA
content after LpL incubation of samples from four healthy
volunteers, is shown in (Table 2). In this experiment,
the 30 min incubation of VLDL with LpL released 1.3 *
0.1% of the available esterified saturated fatty acids (SFAs),
MUFAs, and PUFAs. Although the VLDL lipolysate non-
esterified MUFA/SFA and n3/n6 PUFA ratios were not sig-
nificantly altered by LpL, the free concentration of LA
was increased 1.5-fold (P = 0.03) when VLDL was preincu-
bated with LpL.

Using VLDL from an independent group of healthy
volunteers (n = 4), LpL incubations were seen to increase
not only PUFA (Fig. 1) but also the levels of an array of
oxylipids in the FFA fraction (Fig. 2). In this instance,
TGRL lipolysis produced a >9-fold increase in LA-derived
oxidation products, including 13-HODE, the major oxi-

dized lipid in oxidized LDL (26), when compared with
TGRL (Fig. 2A). There were also increases in AA-derived
oxylipids, but at concentrations much lower than observed
for the LA products (Fig. 2B).

TGRL lipolysis fractions induced expression of
inflammatory mediators

Lipid fractions isolated from VLDL, with or without
LpL treatment, were evaluated for the ability to induce
endothelial cell inflammatory reactions by measuring the
production of the inflammatory cytokine TNFa and the
cellular adhesion molecule ICAM. As shown in Fig. 3A,
treatment with either monoacylglycerols (MGs) or post-
LpL FFA fractions from VLDL significantly increased
TNFo production, compared with control and other lipid
subclass treatments. However, lipolysis only changed the
FFA fraction-induced TNFa production.

ICAM expression induced by these fractions was vari-
able, with several lipid fractions, including FFA, cholesteryl

TABLE 2. Effect of LpL on FFA composition of human VLDL fractions

VLDL EFA VLDL NEFA® VLDL+LpL NEFA® LpL Released NEFA LpL Released NEFA
nmol/mg TG %
Saturated fatty acid
C14:0 694 = 13 8.43 + 1.2 16.7 £ 0.98° 8.27 = 0.98 1
C15:0 75.1 = 1.6 0.622 * 0.22 1.78 = 0.16" 1.16 * 0.16 2
C16:0 9240 * 410 148 + 22 268 = 19” 120 £ 19 1
C17:0 64.7 = 1.9 ND ND ND 1
C18:0 1350 * 59 383 =71 62 = 6.3 23.8 * 6.3 2
C19:0 13.2 = 0.23 ND ND ND ND
C20:0 10.9 * 0.43 ND ND ND ND
C21:0 1.71 £ 0.12 ND ND ND ND
C€22:0 5.15 £ 0.25 ND ND ND ND
C24:0 3.94 £ 0.24 ND ND ND ND
MUFA
Cl4:1nb 50 = 1.6 0.951 = 0.071 1.31 = 0.072" 0.361 = 0.072 1
C16:1n7t 140 £ 5.2 0.564 = 0.042 257 = 0.29° 2.01 = 0.29 1
C16:1n7 1,030 = 61 10.7 £ 1.7 19.9 = 1.5° 918 £ 1.5 1
C18:1n9t 65.6 = 3.7 2.07 = 0.66 4.39 + 0.65" 2.32 = 0.65 4
C18:1n9/1n7t 7020 + 300 98.7 + 13 167 = 10° 67.8 £ 10 1
C18:1n7/1n6 1,170 = 49 18.2 £ 2.7 30.8 = 2.8° 126 = 2.3 1
C20:1n9t/1n12 8.24 £ 0.55 ND ND ND ND
C20:1n9 28.3 + 0.81 1.17 = 0.088 1.58 + 0.078" 0.411 * 0.072 1
PUFA
C18:2(9t,12t)n6 42.8 = 0.72 0.164 = 0.063 0.681 = 0.089" 0.518 = 0.089 1
C18:2n6 6340 * 270 86.1 + 13 134 = 11° 482 = 11 1
C18:3n6 121 = 2.1 1.69 = 0.16 2.15 = 0.14 0.465 = 0.14 0
C18:2(9ct,11t)n6 115 £ 2.7 0.226 = 0.046 1.87 = 0.24° 1.15 = 0.24 1
C18:3n3 213 = 4.2 ND ND 2.31 = 0.37 1
C18:4n3 10.9 = 0.37 ND ND ND ND
C20:2n6 34.1 * 0.63 ND ND ND ND
C20:3n6 190 * 4.6 496 £ 1 7.66 = 1.1 27 1.1 1
C20:4n6 732 + 29 28 £ 5 36.8 £ 4.5 8.83 £ 4.5 1
C20:3n3 4.78 = 0.25 ND ND ND ND
C20:3n9 346 £ 1 ND ND ND ND
C20:4n3 11.8 = 0.3 0.628 = 0.033 0.741 = 0.038 0.113 = 0.038 1
C20:5n3 56.2 = 1.1 2.04 = 0.19 2.42 + 0.21 0.38 = 0.21 1
C22:4n6 436 = 1.1 1.28 + 0.15 1.81 = 0.15° 0.535 *= 0.15 1
C22:5n6 37.7 £ 0.79 1.85 = 0.22 2.27 £ 0.19 0.578 = 0.15 2
C22:5n3 70.2 = 2.1 2.18 * 0.25 2.75 = 0.21 0.568 * 0.21 1
C22:6n3 195 £ 5.5 8.65 = 1.5 11.7 = 1.3 3.05 + 1.3 2
C24:6n3 5.78 = 0.25 0.447 = 0.039 0.479 = 0.041 0.097 = 0.029 2

TG, triglyceride; EFA, esterified fatty acid. Values are presented as blank corrected mean * SEM (n = 4). Data were compared by complete

weighted least-squares means analysis.

“Multiplying NEFA nmol/mg TG concentrations by 4 will yield solution concentrations in wM.

»Significant release of EFA (P < 0.05).
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Fig. 1. PUFAs from triglyceride-rich lipoprotein (TGRL) incu-
bated with or without lipoprotein lipase (LpL). Human post-
prandial VLDL (A), chylomicron (CM) (B), or TGRL (C) [2.5 mg
triglyceride (TG) for all treatments] with or without LpL were
used for lipid extraction and oxidized lipids measurement. For
LpL-dependent lipolysis, LpL was preincubated with CM, VLDL,
or TGRL for 30 min at 37°C, and the reaction was stopped by
transferring the tubes on ice prior to sample extraction and FA
analysis. The concentration of linoleic acid (LA) and arachidonic
acid (AA), as well as the n-3 FAs o-linoleic acid (ALA), eicosapen-
tenoic acid (EPA), and docosahexaenoic acid (DHA) in VLDL, CM,
and TGRL increased with LpL treatment. “ Lipids were pseudo-
quantified and adjusted by relative response factors to estimate
their concentrations and allow consistent graphical representation
of these data. Data are mean = SEM (n = 3).

ester, free cholesterol, diglyceride, and MG treatments
increasing ICAM expression after treatment (Fig. 3B).
However, as seen with TNFa, only the FFA fraction-
induced ICAM expression response was significantly influ-
enced by VLDL lipolysis (P < 0.01).

TGRL lipolysis products induced ROS generation

The effect of each lipid fraction on oxidative stress in
HAECs was assessed by DCFDA oxidation. Exposure of
HAECs to FFA for 2 h significantly increased ROS genera-
tion, compared with control treatment or other fractions
(P < 0.05; Fig. 4). Therefore, FFAs isolated from VLDL
lipolysis were chosen to explore the mechanisms of LpL-
dependent changes. Our albumin dose-response experi-
ment showed that VLDL lipolysis-induced ROS production
was significantly decreased when the concentration of albu-
min in medium was greater than 50 mg/ml. In most of
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Fig. 2. Oxidized lipids from VLDL incubated with or without
LpL. Concentrations of oxylipids were increased by LpL treat-
ment. Human postprandial VLDLs (2.5 mg TG) with or without
LpL were used for lipid extraction and oxidized lipids measure-
ment. For Lpl-dependent VLDL lipolysis, LpL. was preincubated
with VLDL for 30 min at 37°C, and the reaction was stopped by
transferring the tubes on ice prior to sample extraction. The LA
oxidation products (A) epoxy octadecenoic acid (EpOME), dihy-
droxy octadecanoic acid (DHOME), hydroxy ocatadecadienoic
acid (HODE), and oxo octadecanoic acid (oxo-ODE), as well as
the AA oxidation products (B) epoxy eicosatrienoic acid (EET),
dihydroxy eicosatrienoic acid (DHET), hydroxy eicosatetraenoic
acid (HETE), and oxo eicosatetraenoic acid (oxo-ETE) were deter-
mined. Data are mean = SEM (n = 3).

our experiments, we used 20 mg/ml albumin (2% FBS)
in the medium.

To identify pathways involved in FFA-induced ROS gen-
eration, we measured the effects of NADPH oxidase inhib-
itors (apocynin and DPI), the cytochrome P450 inhibitor
(sulfaphenazole), and the NO synthase/xanthine oxidase
inhibitor (allopurinol) on FFA-induced ROS production.
As shown in Fig. 5, the oxidant production by FFA in
HAECGs was significantly suppressed (P < 0.01) by apocynin
(100 uM), DPI (50 wM), and sulfaphenazole (10 uM), but
not by allopurinol (100 uM).

Oxidized lipids induced oxidative stress

To evaluate the relative impact of oxidized and neu-
tral FAs on lipolysis-induced oxidative stress, we measured
lipid-induced ROS generation. In preliminary experi-
ments, HAECs treated with 20 pwg/ml of either stearic acid
(70 uM) or LA (71 nM) showed no significant difference in
ROS production (data not shown). However, 2 h incuba-
tion with 20 pg/ml 13-HODE (67 uM) significantly in-
duced ROS generation in treated HAECs (4.2 £ 0.09 units/
cell) compared with either LA (2.7 = 0.3 units/cell) or
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Fig. 3. VLDL and its LpL lipolysis-derived fractions increase
endothelial cell TNFa production (A) and intracellular adhesion
molecule (ICAM) expression (B). TNFa level and ICAM expres-
sion on human aortic endothelial cells were measured by ELISA.
Endothelial cell cultures in 12-well plates were treated for 2 h
with individual lipids isolated from VLDL (50 mg/dl TG) with
or without 30 min incubation with LpL (2 U/ml). Each fraction
was isolated from VLDL, evaporated, redissolved, and delivered
to cells in a PBS vehicle (5 pl). TNFa level or ICAM expression
stimulated with TNFa (10 ng/ml, 16 h) was measured. Excess
FFA released from lipolysis increased TNFa expression and TNEF-
induced ICAM expression on HAECs. Data are mean = SEM
(n = 6). CTRL, control; FFA, free fatty acid; PL, phospholipid; CE,
cholesteryl ester; TG, triglyceride; FC, free cholesterol; DG, diglycer-
ide; MG, monoacylglycerol.

vehicle controls (2.3 = 0.15 units/cell). Treatment of
HAECs with apocynin (100 uM), DPI (50 uM), and sulfa-
phenazole (10 uM) did not affect the 13-HODE-induced
ROS production.

DISCUSSION

Postprandial increases in lipids and carbohydrates have
been shown to increase oxidative stress, a state implicated
in the pathogenesis of cardiovascular disease and diabetic
complications (27, 28). More specifically, atherosclerosis
is correlated with postprandial hyperlipidemia, which is

18 - .
P _
3
Q
< 12
<
=
Z s
: _ﬂ_ﬂ_ﬂ_ﬂ [
<
° H
e
4w o o
s o B 2 8 8

FFA

o
CTRL i1
1
|

Fig. 4. Effects of lipid fractions isolated from VLDL on reactive
oxygen species (ROS) production in HAECs. Each lipid fraction
was isolated from VLDL (50 mg/dl TG), evaporated, redissolved,
and delivered to cells in a PBS vehicle (5 pl). HAECs were preincu-
bated for 30 min with the HoOg-sensitive fluorescence probe DCF-
AM (10 pM), followed by incubation for 2 h with individual lipids
isolated from VLDL and 30 min incubation with LpL (2 U/ml).
Fluorescence intensity of cells was measured with a fluorescence
microplate reader. Fluorescence distribution of DCF-AM oxida-
tion was expressed as fluorescence units (FU) and expressed as
the mean = SEM (n = 6). * P < (0.01. CTRL, control; FFA, free
fatty acid; PL, phospholipid; CE, cholesteryl ester; TG, triglyceride;
FC, free cholesterol; DG, diglyceride; MG, monoacylglycerol.

characterized by elevated TGRL levels in the blood, and
there is increasing evidence that postprandial TGRLs are
more atherogenic than fasting TGRLs (3, 29-31). TGRL
lipolysis during the postprandial state releases excess FFAs
in the immediate proximity of the endothelium, which may
cause endothelial injury (11) and subsequent endothelial
dysfunction (32). In addition, TGRL remnants derived
from TGRL lipolysis are themselves atherogenic (33, 34),
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Fig. 5. Effects of FFA isolated from VLDL (V-FFA) and VLDL lipo-
lysis (V + L-FFA) on ROS production in HAECs in the absence or
presence of enzyme inhibitors. Each lipid fraction was isolated
from VLDL (50 mg/dl TG), evaporated, redissolved, and delivered
to cells in a PBS vehicle (5 pl). HAECs were preincubated for
30 min with the fluorescence probe DCF-AM (10 uM), followed
by incubation for 2 h with FFA isolated from VLDL with or without
30 min incubation with LpL (2 U/ml) in the absence or presence
of allopurinol (FFA-AP) (100 wM), apocynin (FFA-AC) (100 puM),
sulfaphenazole (FFA-SP) (10 uM), or DPI (FFA-DPI) (50 pM).
Fluorescence intensity of cells was measured with a fluorescence
microplate reader. Fluorescence distribution of DCF-AM oxidation
was expressed as fluorescence units (FU) and expressed as the
mean * SEM (n = 6). Significant differences in means were de-
termined by 2-tailed Student’s ¢-test (¥ P << 0.05 vs. V-FFA; #*P <
0.05 vs. V+1-FFA).
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with properties similar to oxidized LDL (35-37). In re-
cent studies, we found that postprandial TGRLs, lipolyzed
in vitro by purified bovine milk LpL, injured HAEGs, in-
duced the expression of inflammatory factors and cyto-
kines (8), stimulated membrane microdomain aggregation,
and increased the production of ROS (18). Thus, the cur-
rent literature suggests that both FFAs and oxidant-bearing/
stimulating remnants may contribute to TGRL lipolysis-
induced endothelial cell injury. Here, we incubated freshly
isolated human postprandial TGRL with LpL to generate a
mixture of lipolysis products that approximates TGRL lipo-
lysis in blood. We then investigated which of the soluble
lipid classes generated during TGRL hydrolysis could medi-
ate endothelial cell injury and explored the composition of
the responsible class.

Using the inflammatory mediators TNFo and ICAM as
markers of endothelial cell injury and inflammation,
TGRL lipolysates were found to produce more injury than
naive TGRL or TGRL incubated with LpL that was par-
tially inactivated by incubation at 70°C for 30 min prior
to use (data not shown). Separation of each TGRL lipid
fraction before and after Lpl-mediated lipolysis provided
a unique set of materials for evaluating the independent
effects of these complex mixtures. Using these fractions,
we found that only the FFA fraction showed significant
LpL-mediated increases in TNFa and ICAM production
and ROS formation in cultured endothelial cells. Although
the FFA fractions from both TGRL and TGRL lipolysates
induced oxidative stress, the FFA fractions from TGRL lipo-
lysates elicited more ROS generation from treated cells.

Lipolysis of TGRL by LpL is reported to have both pro-
(88) and/or anti-atherogenic (39) effects. In a prior study,
Ziouzenkova et al. (39) showed that Lpl-mediated TGRL
lipolysis has an anti-inflammatory role; however, there are
several key differences in their paper as compared with
ours. First, Ziouzenkova et al. induced endothelial cell
injury with TNFa, whereas we did not. Second, the LpL
concentration was 100-fold (200 U/ml) greater than
the concentration used in our studies (2 U/ml). Human
serum contains ~66 ng/ml LpL after treatment with hep-
arin (40). In comparison, Ziouzenkova et al. used LpL
at 5,300-35,000 ng/ml. Third, Ziouzenkova et al. mixed
VLDL and LpL to treat the cells, whereas we used LpL to
pretreat VLDL (enzymatic lipolysis) for 30 min at 37°C
and then treat the endothelial cells. Thus, there are major
differences between our study and those of Ziouzenkova
et al., starting with the stimulus to endothelial cell injury.
Moreover, these differences make the present results dif-
ficult to compare with those of Ziouzenkova et al., because
in a previous study, we showed that when endothelial cells
were treated with TNFo, LpL (3 U/ml) itself had an anti-
inflammatory effect (41). Regardless, these studies com-
plement each other, with each supporting the hypothesis
that lipolytically releasable bioactive agents are carried
within the VLDL compartment.

To further explore the underlying mechanisms of the
observed FFA-mediated endothelial injury, we next consid-
ered the content of the FFA fractions. The effect of FFAs
on oxidative stress and endothelial dysfunction has been
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extensively investigated and found to vary depending on
the specific FA tested. For instance, in HAEC cultures,
the saturated FAs palmitate and stearate have been found
to be pro-apoptotic, whereas unsaturated FAs are anti-
apoptotic (42). However, high levels of serum PUFAs,
when insufficiently protected from peroxidation, may
increase the risk of atherosclerotic complications (43).
Other studies have demonstrated that exposure to oleic
acid and LA increased human LDL transfer across cul-
tured endothelial monolayers, whereas equivalent doses
of palmitic, linolenic, arachidonic, and eicosapentaenoic
acids did not (13). Furthermore, the selective enrichment
of serum FA mixtures with LA, but not various SFAs, in-
duced disruption of endothelial barrier function (44). LA
potentiates TNFa-mediated oxidative stress (45), and
mediates pro-inflammatory effects in vascular endothelial
cells (46). In contrast, EPA and DHAs attenuate adhesion
molecule expression (47, 48) and inhibit inflammatory
cytokine production (49), and recent studies suggest that
DHA release could reduce intracellular ROS production by
reducing p47phox membrane translocation, thus dimin-
ishing NADPH oxidase activity (50). Therefore, within the
polyunsaturated class of FAs, distinct actions are apparent
and the composition of dietary PUFA may be an important
factor in determining the potential for TGRL-dependent
endothelial injury in vivo.

In the present study, we measured TGRL and TGRL
lipolysate FAs and found significant increases in free con-
centrations of many lipids, including various PUFAs. Al-
though some discrepancies exist in the magnitude of
release and the NEFA concentrations observed in the
naive VLDL between the two independent VLDL isolates
used in this study, the initial experiment described in
Table 2 suggests that LpL uniformly releases the available
esterified FAs. Notably, in experimental lipolysates used
for HAEC incubations, evidence for excessive liberation
of PUFAs, including LA, EPA, and DHA was observed.
Considering the opposing effects of LA, EPA, and DHA
on cellular inflammation, endothelial cell responses elic-
ited by VLDL lipolysate exposures will reflect the balance
between these “inflammatory” and “anti-inflammatory”
lipids released from the particles. However, the neutral
lipids are only one species of FA present in these particles
with the ability to elicit an anti-inflammatory response.

Oxidized lipids such as 13-HODE, 9-HODE, and corre-
sponding epoxides and diols are major components of oxi-
dized LDL (26) and VLDL (51), which can be esterified
into various lipid pools. Such oxidized lipids are generated
by the interaction of unsaturated FAs with ROS either free
in solution or coordinated by enzymes including the di-iron
oxidases (e.g., lipoxygenase) and heme-monoxygenases
(e.g., cytochrome P450s; CYP). Various oxidized lipids, in-
cluding oxidized cholesterol (52) and oxidized-1-palmitoyl-
2-arachidonoyl-sn-glycero-3-phosphorylcholine (53), are
reported to induce cellular responses that can promote
the generation of ROS. Although LDLs are prominent tar-
gets for postprandial oxidative modification in humans,
the balance of factors controlling LDL oxidation in vivo
remains controversial. A small component of atherogenic



oxidized lipoprotein lipids is derived directly from the
diet (31, 54), whereas others are formed in situ in the cir-
culation. Although a high monounsaturated fat intake
is reported to reduce lipoprotein oxidizability (55), a pro-
longed elevation in TGRL, associated with decreased CM
clearance, results in a restriction of vitamin E transfer to
LDL along with a greater susceptibility to oxidation (56).
However, Reaven et al. (57), studying the effect of dif-
ferent FAs on lipoproteins, showed that only the percent-
age of LA in LDL was strongly associated with the extent
of lipoprotein oxidization. Regardless, oxidized lipids are
clearly present and may participate actively in the develop-
ment of atherosclerosis.

Our study showed that TGRL exposure to LpL pro-
duced significant increases in free oxidized lipids com-
pared with TGRL only. In the VLDL fractions used for
HAEC treatments, the LA-derived oxidized lipids 13-
HODE and 9-HODE were elevated >10-fold, whereas LA
increased ~3-fold during the 30 min lipolysis process. In a
recent study, Goodfriend et al. (58) observed a remarkable
increase in nonesterified oxylipids in plasma from subjects
who received heparin, suggesting that human TGRLs con-
tain these oxidized lipids in vivo, as observed in rats (51).
Therefore, it appears that significant amounts of oxidized
lipids are released during TGRL lipolysis, and may be in-
volved in eliciting responses in exposed endothelium. In
the context of the present study, it is interesting that the
morphology of endothelial cell monolayers was perturbed
by lipolyzed but not oxidized lipoproteins and the pertur-
bation could be prevented by vitamin E (11), arguing for a
reactive oxygen-mediated event.

TGRL remnants, resulting from the lipolysis of TGRLs,
are a major contributor to the atherogenicity of postpran-
dial TGRL (59). Previous studies have shown that TGRL
remnants have pro-atherogenic and pro-inflammatory
properties similar to those of oxidized LDL (36, 37, 60,
61). Chung et al. (35) observed that lipolytic remnants
of TGRL were cytotoxic to macrophages, and neither FFA
nor lysolecthin from TGRL alone could account for this
cytotoxicity. However, considering our findings, oxidized
lipids in remnant particles may contribute to their cyto-
toxicity. We found that oxidative stress was induced by
the lipolysis-derived FFA fractions and 13-HODE but not
by the FFAs from naive TGRL, stearate, or linoleate. More-
over, a 20 pwg/ml (71 uM) dose of LA did not induce
HAEC oxidative stress, whereas 13-HODE increased oxida-
tive stress 1.8-fold compared, with control. However, both
LA and 13-HODE produced cytotoxicity at 40 pwg/ml (LA,
142 uM; 13-HODE, 135 uM). Interestingly, in a study by
Hennig and colleagues (46), 90 uM of LA induced a
pro-inflammatory response in cultured human umbilical
vein endothelial cells.

Because LpL is anchored immediately adjacent to the
endothelium, concentrations of TGRL lipolysis products
are expected to be higher at the blood-endothelial cell
interface relative to the average plasma concentration.
Therefore, 13-HODE, as well as other species liberated
by lipolytic release from TGRL, could have pathophysio-
logical actions on vascular endothelium. Moreover, TGRL

lipolysis is rapid, causing a dramatic increase in the con-
centrations of such lipolysis products, leaving the cells little
time to mount a protective response.

Previous studies have shown that CYP2C9-dependent
metabolism of PUFA is associated with the production of
linoleate-derived epoxide protoxicant (62), significant in-
tracellular ROS production, and inflammation in the vas-
cular endothelium (63). Consistent with these reports,
the CYP2C9 inhibitor sulfaphenazole reduced the reactive
oxygen stress induced by FA fractions derived from TGRL,
but not thel3-HODE-stimulated ROS production, suggest-
ing that this compound is not a substrate for this enzyme.
Inhibitors of NADPH oxidase, however, reduced the pro-
duction of reactive oxygen stimulated by TGRL NEFA. As
shown previously (64), FA-induced activation of NADPH
oxidase in plasma membranes of human neutrophils de-
pends on neutrophil cytosol and is potentiated by stable
guanine nucleotides. Various FAs can activate NADPH oxi-
dase, whereas PUFAs are substrates of the CYP2C family
that produce superoxide in vascular cell types (63). Our
results clearly show that these two independent pathways,
i.e., NADPH oxidase and CYP450, contribute to lipid-
mediated oxidative stress and the production of reactive
oxygen stimulated by TGRL lipolysis.

In summary, the present study demonstrates that FFA
fractions released during lipolysis contain a host of lipids,
both neutral and oxygenated, that activate NADPH oxi-
dase and cytochrome P450-mediated mechanisms of ROS
production within endothelial cells.B§
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